ABSTRACT Mortality and morbidity due to infectious diseases are an increasing source of losses to the broiler industry. Breeding chickens for improved disease resistance may reduce these losses. A study was designed to evaluate the contribution of selection for immune response to viability of broilers under farm conditions. The experimental populations consisted of six groups: two lines divergently selected for high (HH) or low (LL) antibody (Ab) response to Escherichia coli vaccination; commercial broilers (CC); and the HH × CC, LL × CC, and HH × LL crosses. Chicks were tested under standard vaccination program and management on commercial farms in two years (1997 and 1998). Mortality was recorded in the whole groups, each consisting of several hundred or thousand of chicks, whereas BW and Ab to natural exposure to E. coli and to vaccination with Newcastle disease virus (NDV) were determined in samples
INTRODUCTION
Mortality and morbidity due to infectious diseases cause substantial losses to the poultry industry worldwide. Conventional control of poultry diseases involves high-cost sanitary measures, vaccination programs, and medical treatments. However, despite these measures, resistant strains of pathogens continuously emerge, and medical treatments are often ineffective. Moreover, there is increasing public objection to drug residues in poultry products. Thus, breeding chickens for higher immunocompetence and disease resistance provides an alternative approach to securing broiler viability.
Immune response in chickens is a typical quantitative trait, affected by many genetic, as well as environmental, 1 To whom correspondence should be addressed: cahaner@agri. huji.ac.il. Anak Breeders Ltd., Netanya, Israel. 810 of 50 to 120 chicks/group per yr. Groups were clustered into three levels of BW: CC representing contemporary fast-growing broilers; HH, LL, and HL representing broilers 10 yr earlier; and HC and LC with intermediate BW.
The HH and LL groups exhibited the highest and lowest E. coli Ab titers, respectively. Mean Ab of the CC group equaled the average of the selected lines, and all crosses exhibited mid-parent Ab titers, indicating additive genetic control. Group means for Ab to NDV were highly correlated with those of E. coli, suggesting a common genetic control for the immune response to these two antigens. In both years, the highest mortality was found in the fast-growing group (CC), and the lowest mortality was in the slow-growing HH, LL, and HL groups. In the crosses, despite their similar mean BW, mortality was one-third higher among LC vs. HC birds. These results suggest that Ab response and potential growth rate interact in their effect on mortality due to infectious diseases.
factors (Gavora, 1993) . Several studies (e.g., Gross et al., 1980; Dunnington et al., 1986; Pitcovski et al., 1987a; Leitner et al., 1992; Pinard et al., 1993; Parmentier et al., 1998) have demonstrated the feasibility of selection on the basis of the immune response and suggest that it may improve disease resistance. However, the immunocompetence of such lines has never been reported under farm conditions.
A commercial broiler dam line 2 (Anak Breeders Ltd., Netanya, Israel) was used in 1987 as the base population of divergent selection for high or low antibody (Ab) response to Escherichia coli vaccination at 10 d of age. The high (HH) and low (LL) divergent lines differ significantly in their Ab response to E. coli Abbreviation Key: Ab = antibody; CC = commercial broiler stock; HC = cross between HH and CC; HH = line selected for high Ab response to Escherichia coli vaccination; HL = cross between HH and LL; IBDV = infectious bursa disease virus; IBV = infectious bronchitis virus; LC = cross between LL and CC; LL = line selected for low Ab response to E. coli vaccination; NDV = Newcastle disease virus; P/N = Ab levels as positive/negative ratio; QTL = quantitative trait loci. Population and  measurements  Year  LL  LC  CC  HC  HH  HL  Total   Whole flock  Mortality   2   1997  520  3,000  1,500  3,000  330  . . .  8,350  1998  200  1,100  2,000  2,250  200  270  6,020  Total  720  4,100  3,500  5,250  530  270  14,370  Samples  BW   3   , Ab   3   1997  112  113  111  121  79  . . .  536  1998  53  66  67  66  48  47  347  Total  165  179  178  187  127  47  883   1 Groups: LL = low Ab line; HH = high Ab line; CC = commercial broiler stock; LC = LL × CC cross; HC = HH × CC cross; HL = HH × LL cross.
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Mortality was diagnosed and recorded for each bird in the whole flock. BW and antibody (Ab) level were determined twice for each bird in the sample, at 28 and 42 d of age. et al., 1996) but are similar in their Ab responses to immunization with Newcastle disease virus, NDV infectious bursa disease virus (IBDV), and SRBC, in phagocyte activity and T-cell proliferation Zouri et al., 1995) . Moreover, when challenged with pathogenic E. coli 10 d postvaccination, HH chicks exhibit a higher survival percentage than LL chicks Yonash et al., 1994) . However, all of these differences between the divergent lines were exhibited in response to controlled immunization or challenge and under experimental conditions. The present study was designed to compare the Ab responses to commercial vaccination programs and to natural pathogen exposure, as well as the viability of the HH and LL lines under farm conditions. Because these lines had not been selected for growth rate since 1987, they were tested along with current commercial broilers and with progeny of crosses between these lines and a commercial broiler stock.
MATERIALS AND METHODS
Two field trials were conducted on different farms in 1997 and 1998. Five genetic groups were produced for the 1997 trial. Males (20 per line) and females (60 per line) of the 10th generation (S 10 ) of the lines divergently selected for high or low Ab response to E. coli vaccination at 10 d of age Yonash et al., 1996) were mated within each line to produce HH and LL chicks. Commercial broilers, designated CC, were produced by 40 males and 400 females from an Anak breeder flock 2 . The HH and LL males were also mated with an additional 600 females from the same Anak flock. The HH, LL, and CC males and females were housed in individual cages in the same house, and all matings were conducted by artificial insemination using pooled semen of males from each line. The progeny groups obtained from the HH × CC and LL × CC crosses were designated HC and LC, respectively. In the 1998 trial, a new Anak breeder flock provided the CC parents, and S 11 HH and LL males and females were used. They all were housed together and mated as in 1997, producing HH, LL, HC, and LC groups. Additionally, an HL group was produced; the unselected F 4 generation of an HH × LL cross at S 8 . In both years, all the eggs were incubated together in a commercial hatchery. In both trials, each group consisted of several hundred or thousand of chicks (Table 1) .
At each farm, chicks from all groups were reared together on litter in an open-sided house with curtains, under standard broiler management. The standard vaccination regimen used for broilers in Israel was applied in the 1998 trial: NDV and infectious bronchitis virus (IBV) vaccines were sprayed at day of hatch, NDV and IBDV vaccines were injected intramuscularly on Day 12, and NDV vaccination was administered by fogging on Day 20. In the 1997 trial, chicks received only the first two vaccinations. First-week mortality reflected random variation in chick quality, hence dead chicks were recorded only from 1 to 7 wk of age. These were necropsied and diagnosed at the Jerusalem Regional Poultry Disease Laboratory to determine the cause of death, i.e., due to infectious diseases or ascites. Infectious diseases observed in this study included, e.g., colibacillosis, airsacculitis, gumboro, and coccidiosis, but according to the objective of this study and also due to low incidence per disease, mortality from all these diseases were combined.
In each trial, a random sample of about 50 to 120 chicks per group (Table 1) were individually weighed, and a blood sample was taken on Day 28. The procedure was repeated on these chicks on Day 42. Individual sera were tested by ELISA to determine E. coli Ab levels (Leitner et al., 1990) and by hemagglutination inhibition (HI) to determine the NDV Ab titer (Brugh et al., 1978) . E. coli Ab levels were expressed as a positive/negative ratio (P/ N) within each ELISA plate; NDV Ab titers were expressed as Log 2 .
Data from each trial were subjected to two-way AN-OVA, with the main effects of group and sex and the interaction between them. Combined data from the two trials were subjected to a three-way ANOVA with year, and interactions with year were added to the model. Correlation between group means (over years) of Ab to E. coli and to NDV was calculated for each age. Mortality data were analyzed using the contingency chi-squared test within each year and combined over years. To test the additive genetic control of Ab response, the groups were assigned quantitative values on an additive genetic scale representing the divergent selection on Ab response. Scale values reflected the proportion of the LL or HH genomes: LL = −1, LC = −0.5, CC = 0, HC = +0.5, and HH = +1. Group Ab means were regressed on their genetic values on this scale, using a model that also included the year and interaction with year. Percentage of mortality per group was regressed on group mean BW. All statistical analyses were carried out using JMP software (SAS Institute, 1995) .
RESULTS

Body Weight
In both trials, as expected, sex significantly affected BW on Day 28 (BW28) and Day 42 (BW42), and weight gain (BW42-BW28) ( Table 2 ). The group-by-sex interaction was significant in 1998, because group differences were larger for males than for females. A similar, but not significant trend, was also observed in the 1997 data. However, the relative differences between groups, as well as their rankings, were similar in both sexes. Therefore, group means over sexes are presented in the tables for BW and weight gain, as well as for Ab titers, because a sex effect was small, and in no case did it interact with groups (Table  3) . In both trials, group means were similarly clustered into three levels of growth potential: 1) the CC chicks represented contemporary fast-growing commercial broilers, 2) the HH, LL, and HL chicks represented commercial broilers of about 10 yr earlier (selection of the HH and LL lines for Ab was initiated in 1987), and 3) the HC and LC chicks exhibited mid-parent values (Table 2) , in agreement with the additive inheritance of growth rate in chickens. The BW of the CC chicks averaged (over For each trait (raw), means within year with a common superscript do not differ significantly at P < 0.05 level. Main effects of sex were highly significant in the combined data ANOVA, but interactions with sex were not significant hence their P(F) values are not presented. 4 Mortality (from 2nd week) was analyzed only by group because sex was not determined for dead birds. years and sexes) 1,800 g on Day 42, whereas mean BW42 of the HH and LL chicks was almost 600 g lower.
E. coli Antibody Response
The groups differed significantly in E. coli Ab titer on Days 28 and 42 in both trials, although higher Ab levels were found in 1997 than in 1998; the HH and LL groups exhibited the highest and lowest titers, respectively, at both ages in each year (Table 3 ). In the 1998 trial, females produced higher Ab titers than males in all groups, averaging, respectively, 2.21 vs. 1.87 on Day 28 and 3.43 vs. 2.99 on Day 42. However, group-by-sex interactions were not significant in either year, hence means across sexes are presented in Table 3 .
No significant interactions were found in the three-way ANOVA (group, sex, and year) of the combined data ( Table 2 ). The additive nature of the genetic differences between groups, suggested by the gradual increase in group means when ranked by the proportion of LL or HH genome, was tested by regressing group means on their values in the genomic scale. The linear regressions for E. coli Ab levels (averaged over years) on Days 28 and 42 were highly significant (R 2 = 0.977 and 0.986, respectively) and quite similar (Figure 1a) . The corresponding regressions within each year were almost identical, as indicated by lack of a significant scale-by-year interaction. The regression coefficients, 0.81 and 0.97 P/N units on Days 28 and 42, respectively, were about one-half of the HH-LL difference between the divergently selected lines and were similar to the difference between each line and the commercial stock (CC) from which the selection was initiated in 1987. For each trait (raw), means within year with a common superscript do not differ significantly at P < 0.05 level. 
Newcastle Disease Virus Antibody Response
No group-by-sex interactions were found in either year, and therefore means across sexes are presented in Table  3 . Overall, mean Day 28 NDV Ab titer was similar in the 1997 and 1998 trials, whereas Day 42 titers were higher in 1998 than in 1997 (Table 3 ). This discrepancy reflects the different ages at which the last NDV vaccination was administered (Day 12 in 1997 vs. Day 20 in 1998), resulting in a reduction in NDV Ab titer from Day 28 to Day 42 in 1997, and no such change occurred in 1998 (Table 3) . The group-by-year interaction was not significant for Day 42 but was significant for Day 28, mainly because the HH group averaged much higher in 1997 than in 1998 (8.44 vs. 7.32, respectively; Table 3 ).
Similar to E. coli Ab levels, the HH and LL groups exhibited the highest and lowest titers, respectively, and the other groups were ranked similarly between these two extremes (Table 3) Figure 1b) . The corresponding regressions within each year were almost identical, as indicated by the lack of a significant scale-by-year interaction. In the data combined from 1997 and 1998, the regression coefficients, 0.89 and 0.64 titer units on Days 28 and 42 respectively, were about one-half of the HH-LL difference between the divergently selected lines, but they were not similar to the difference between each line and CC.
Mortality
Notable mortality due to ascites (about 2.5%) was only observed in the CC group (commercial broilers). A much lower incidence of ascites (about 0.5%) was exhibited in the LC and HC crosses, and none was found in the slowgrowing HH, LL, and HL groups. As a physiological disease, mortality due to ascites was irrelevant to the present study, hence only mortality due to infectious disease was considered in this study.
Within each group, percentage of accumulative mortality was almost two times higher in 1998 than in 1997 (Table 2 ). Such differences between years are quite common on commercial farms. Group effect on mortality was highly significant in both years. No year-by-group interaction was detected in the analysis of combined data. In both years, the highest mortality was exhibited by the fast-growing birds (CC), the lowest was by the slowgrowing HH, LL, and HL groups (Table 2) . However, the two crosses, LC and HC, differed significantly in mortality despite their similar BW. Percentage of mortality was one-third higher among LC vs. HC birds (3.71 vs. 2. 79% and 6.42 vs. 4.82% in 1997 and 1998, respectively) (Table  2) . Actually, mortality among HC birds did not differ from that in the HH, LL, and HL groups, despite the former higher growth rate and BW (Figure 2) .
Body weight appeared to be the main factor affecting mortality, as expressed by a highly significant linear re- gression of percentage of mortality on group mean BW (Figure 2 ). The slope of this regression (b = 0.006) indicates that an increase in BW (at 42 d of age) of 100 g is expected to elevate mortality by 0.6%. This regression is determined mainly by the differences in BW and mortality between the fast-growing CC group and the slow-growing HH and LL groups (and also the HL group in 1998). The LC cross fits this line quite closely, i.e., its mortality percentage confirmed the expectation based on mean BW of this group. In contrast, the HC group deviated considerably from the regression line (Figure 2 ), indicating that mortality in this group was lower than expected from its mean BW.
DISCUSSION
Several long-term experiments involving divergent selection on Ab response resulted in a significant genetic difference in immune response and viability between the selected lines (e.g., Gross et al., 1980; Dunnington et al., 1986; Pitcovski et al., 1987a; Leitner et al., 1992; Pinard et al., 1993; Yonash et al., 1994; Parmentier et al., 1998) . However, in all of these studies, differences between the divergent lines were exhibited in response to controlled immunization or challenge under experimental conditions. The present study was designed to compare the Ab responses to commercial vaccination programs and to natural pathogen exposure and the viability of such divergent lines under standard vaccination programs and farm conditions. Moreover, poultry viability tends to decrease as growth rate increases, either due to genetic selection Qureshi and Havenstein, 1994; Nestor et al., 1996) or in response to feeding regimen (Boa-Amponsem et al., 1991; Praharaj et al., 1997) . Therefore, studies on Ab response and viability of Ab-selected lines derived from layer strains (e.g., Dunnington et al., 1986; Parmentier et al., 1998) or broiler strains but without selection for growth (e.g., Pitcovski et al., 1987a; Yonash et al., 1996) may have a limited relevance to the broiler industry. In the present study, contemporary commercial broiler stock, and crosses with this stock, were included, and special emphasis was given to potential interaction between growth rate, Ab response, and viability.
Genetic Control of Antibody Response
The genetic difference between the HH and LL lines, generated by divergent selection on Ab levels in 20-d-old chicks following E. coli immunization at 10 d of age Leitner et al., 1992; Yonash et al., 1996) , was fully expressed in the young chicks' Ab responses to natural exposure to E. coli on the commercial farms. This association between potential response to E. coli immunization and actual response to natural exposure to E. coli was further supported by the Ab means of the other experimental groups: a commercial broiler stock (from which the divergent selection was initiated) and crosses between this stock and each of the selected lines.
Genetic divergence in a selected immune response trait was associated with similar differences in response to other antigens (or in viability) in several studies with pairs of Ab-divergent lines (e.g., Gross et al., 1980; Siegel et al., 1982; Dunnington et al., 1986; Pitcovski et al., 1987b; Pinard et al., 1993; Boa-Amponsem et al., 1998; Parmentier et al., 1998) . Such positive associations were more pronounced in immune responses at early ages, as in this study. The highly significant correlation found here between group means of Ab to NDV vaccination and to E. coli exposure is in agreement with unpublished as well as published results from comparisons between the LL and HH lines. For both Ab responses, the CC-LL and HH-CC differences were similar, illustrating the symmetry of the response to divergent selection on Ab production. The mid-parent means of both LC and HC groups (Ab to E. coli at both ages; Ab to NDV at 28 d of age; Table 3 and Figure 1 ) indicate similar additive genetic control of both traits. These results suggest that there is a common additive genetic control of Ab response of young broilers to immunization with E. coli or NDV and to natural exposure to E. coli, under experimental conditions and on commercial farms.
This additive genetic control is important for practical breeding, as it means that mid-parent values should be expected in commercial crosses. The additive nature of the genetic differences in immune response between the HH and LL lines is also highly relevant for the detection of quantitative trait loci (QTL) affecting these traits. Such QTL are detected through their linkage to DNA markers that once found, may serve as the selection criterion, replacing actual immune response measurements. Such marker-assisted selection utilizes only additive genetic effects, and their predominance in the genetic variation between the HH and LL makes these lines, and the progeny derived from the HH × LL cross, an ideal resource population for molecular detection of genes affecting immune response and viability.
Genetic Differences in Body Weight
The differences in BW between the genetic groups reflected their history of selection and the additive genetic control of this trait. At 42 d of age, the CC group, continuously selected for rapid growth, was 600 g heavier than the LL and HH lines, selected only on Ab response since 1987, and about 300 g heavier than the LC and HC crosses. These differences are in agreement with the well-known response to commercial selection for rapid growth, resulting in a yearly genetic gain of 50 to 60 g. The genetic differences in Ab response appear to be independent of BW; mean Ab of the fast-growing CC broilers was the exact average of those of the two slowgrowing lines (HH and LL). Moreover, the difference in mean Ab titer between the HC and LC crosses was about half the difference between HH and LL, although mean BW of the crosses was about 300 g higher than that of the selection lines. In other words, the divergence in Ab response between the crosses reflected the additive nature of the genetic difference between the HH and LL lines, independently of the crosses' substantially higher BW. This conclusion is also of importance for practical breeding, as it indicates that genetic increase in potential immune response will not diminish in stocks with more rapid growth.
Mortality
In general, differences between groups in mortality appear to be associated with their BW rather than Ab levels. The highest mortality was exhibited by the CC group, with the highest BW and average Ab level, whereas the lowest mortality was found in the groups with the lowest BW (LL, HH, and HL) with no effect of the large difference between their Ab levels. These results are in contrast to the higher mortality exhibited by LL vs. HH chicks following a severe challenge induced by injecting pathogenic E. coli Yonash et al., 1994) . Apparently, under farm conditions and a standard vaccination program, with a growth rate from the mid-1980s, mortality was too low to reflect differences in Ab response. However, the difference in Ab levels between the two cross groups, HC and LC, was associated with a significant difference in mortality in both years. The lower mortality in the HC cross (as low as in the slow-growing HH, LL, and HL groups; Figure 2 ) appears to reflect its higher Ab response relative to the LC cross (Table 3 ). It appears that broilers with faster growth rate are under physiological and immunological stress that makes them more sensitive to infectious diseases hence more dependent on Ab response. Therefore, the practical importance of genetic improvements in overall Ab response of young broilers under farm conditions is expected to increase in the future.
CONCLUSIONS
The present study reveals a complex relationship between broiler growth performance and immunocompetence. It appears that growth rate has a primary effect on mortality due to infectious diseases, whereas Ab response reduces this mortality only in fast-growing broilers. Due to this interaction, genetic research on viability, disease resistance, and practical immunocompetence in broilers must include current fast-growing stocks, rather than relying only on experimental stocks with low growth rates. For practical breeding, our results may suggest that immunocompetence of commercial broilers can be improved by selection for Ab response of young chicks to controlled immunization with a single antigen.
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